Abstract
WSNs can be effectively used in health tracking of dairy cows to facilitate herd management and cow 42 welfare. They can be used for detecting diseases such as lameness and mastitis, which are considered 43 as the majors health problems in dairy farming (Barkema et al., 1994) . Extensive studies on cattle 44 health monitoring with WSNs were already published (Andonovic et al., 2010; Mayer et al., 2004; 45 by the animals and limitations in data storage of the devices), design consideration (changes of 52 network topology due to the constant movement of the herd) and wireless communication issues 53 (signal penetration depth through an animal body, height optimisation of the collar and access point 54 antennas, bandwidth, data load, and power consumption). However, none of these studies has 55 presented detailed models describing the radio propagation channel required for a WSN deployment 56 in an indoor (barn) or outdoor (pasture) environment. 57
When the sensors receive health parameters from the cow's body (e.g., temperature, position, leg 58 movement), this information should be forwarded to a back-end access point placed in the proximity 59 of the cows. Next, these data are transferred to a central data processing server. Finally, the farm 60 manager can decide on the health state of each individual cow in an early stage by analysing the 61 received alert or warnings messages. The communication between the on-cow node and the back-62 end access point inside the barn or on the pasture will be susceptible to frequent signal blocking events 63 caused by the cow wearing the node and the other cows in the vicinity of the transmitter. The reliability 64 of this off-body wireless communication is a crucial parameter for the success of healthcare monitoring 65 systems. The characterisation of the physical layer, including an estimation of the path loss between 66 nodes placed on the cow body and the access point, is an important step in the realisation of reliable 67 off-body communication. To the best of our knowledge, no work has addressed the characterisation 68 of such off-body wireless links in barns and pastures of dairy cows. 69
The novelties of this paper are the following: (i) Determination of the off-body path loss in indoor 70
(three different barns) and outdoor (pasture) environments using ZigBee motes and spectrum analysis 71 equipment, (ii) Estimation of the cow body shadowing, (iii) Temporal fading measurements to 72 characterise the time variation of the wireless channel, (iv) Barn and pasture wireless network planning 73 for healthcare monitoring of dairy cows. 74
The remainder of the paper is structured as follows. Section 2 describes the methods that have been 75 used to characterise the wireless channel. In Section 3, the measurement methodology is presented. 76 Section 3.1 presents the measurement environments, while Section 3.2 explains the measurement 77 setup in both indoor and outdoor environments. Then in Section 4, the obtained results are presented 78 and discussed. These results are used for the network planning performed in Section 5. Finally, 79 conclusions are drawn and future work is discussed in Section 6. 80
Methods

81
Characterisation of large-scale fading 82
In wireless communication, the fading phenomenon denotes the variation of the received power in a 83 certain propagation environment. The fading may vary with time, position orientation or frequency. 84
The characterisation of the fading requires accurate analysis of the received power. The received signal 85 envelope comprises a small-scale fading component superimposed on a large-scale fading part (Lee, 86 1985) . The terms small and large here are used in comparison to the wavelength. Since, the large-scale 87 fading is defined as the variability of received power over distance intervals of a few wavelengths, 88
estimating the large-scale fading from the received signal is the same as obtaining the local averaged 89 power over few wavelengths of it (Lee, 1985) . 90
After estimating a local average received power for each transmitter-receiver constellation, the path 91 loss should be calculated and modelled. The path loss model can be used in the link budget calculation 92 and network planning for wireless monitoring and communication in barns and pastures. From the 93 measured average received power (measured by a spectrum analyser), the path loss ( ) is 94 calculated as follows: 95
where is the transmitter power (dBm), the transmitter antenna gain (dBi), the 97 transmitter cable losses (dB), the receiver antenna gain (dBi) and the receiver cable losses 98 (dB). 99
In general, the large scale variations of the path loss around the median as a function of the distance 100 tend to have a Gaussian distribution (in dB) or a lognormal distribution (when expressed linearly) In a typical wireless communication environment, often multiple propagation paths exist between the 111 transmitter and the receiver. This multipath propagation phenomenon caused by the reflections, 112 diffractions, and scattering of the signal by different objects, leads to different attenuations, 113 distortions, delays and phase shifts. Temporal fading denotes the variability of the received power 114 over time while the transmitter and the receiver remain at fixed locations in the propagation 115 environment. This fading is mainly caused by the movement of objects between the transmitter and 116 the receiver (e.g. cows, humans, materials), thereby influencing the propagation paths. In these 117 conditions, communication can be difficult. Therefore, a fade margin should be considered in the 118 design of a wireless communication system, to ensure a sufficiently high power reception during a 119 certain percentage of the time. In many circumstances, it is too complicated to describe all the time 120 variations that determine the different multipath components and the fade margin. Rather, this margin 121 is determined by analysing the statistics of the fading. In non-line-of-sight (NLOS) conditions or where 122 there is no dominant multipath component between the transmitter and the receiver, the probability 123 density function (PDF) of the mean received signal amplitude follows a Rayleigh distribution. However, 124 fading statistics follow a Ricean distribution when an undisturbed multipath component (e.g., LOS 125 component) is present (Parsons, 2000) . For the temporal variations of the received power, we 126 expected a dominant multipath component between transmitter and receiver antenna. Therefore, the 127 Rician distribution is adopted to characterise the temporal fading. This assumption is validated by 128 comparing the theoretical Rice distributions to the measured temporal fading samples. 129
The Ricean distribution is often described in terms of a parameter (Ricean factor), which is defined 130 as the ratio between the power received via the dominant path and the power contribution of the 131 obstructed paths (Abdi et al., 2001 ). The parameter is given by = 2 /2 2 or in terms of dB: 132 ( ) = 10 log ( 
Where is defined as follows: 142 Indoor measurements were carried out inside three barns. First, a modern barn of the Institute for 146
Measurement Methodology
Agricultural and Fisheries Research (ILVO), Melle, Belgium ( Fig. 1-a) Biocentrum Agrivet, Melle, Belgium) as shown in Fig. 1 (c) and (d) . The dimensions of barns 2 and 3 153 were 42x26 m2 and 37x21.5 m2, respectively. As barn 1, barn 2 ( Fig. 1-c) is dedicated for dairy cows 154 and contains concentrate feeders and one milking robot. However, barn 3 ( Fig. 1-d) is a new calf barn 155 that can accommodate about 100 animals of different ages (from the first day until the age of two 156 years when they calve for the first time). For each of these ages, appropriate boxes (individually or in 157 groups on straw and slatted floor with mats and mattresses) are provided. 158
The second investigated off-body wireless communication environment was outdoor. Outdoor 159 measurements were conducted in a pasture ( Fig. 1-b ) of about 33x15 m2 near the ILVO barn. All 160 measurements were carried out in the 2.4 GHz band in three barns and a pasture. The 2.4 GHz band 161 was selected because it is freely available and most practical existing technologies for WSNs work in 162 this band. 163 164
Measurement setup 165
The physical modelling of the off-body wireless channel includes different parameters. In the present 166 work, we focused on the following aspects. First, the large-scale fading due to the physical 167 environment, which is characterised by the variation of the path loss with the distance. Then, the 168 specific shadowing introduced by one cow's body. Finally, the variation of the wireless channel over 169 time (i.e., temporal fading). 170 In the second scenario, the signal generator was removed and one cow was wearing a ZigBee mote 214 while fifteen other cows (indoor) and eight cows (outdoor) were moving freely inside the 215 measurement area. The ZigBee mote was configured as a transmitter and it was attached to the collar 216 around the cow's neck (See Fig. 3 ). The ZigBee mote antenna separation from the cow body was fixed 217 to 5 cm. The ZigBee mote was attached to the collar because the data measured in different parts of 218 the cow's body (e.g., leg, ear, udder) could be be gathered by a collector placed on the cow's neck, and 219 then, transmitted to the base station. The same receiver as during the first scenario was used 220 (MA431Z00 antenna connected to spectrum analyser). In addition, a second ZigBee mote was added 221 at the same height and location as the receiving antenna. This ZigBee mote reports 150 Received Signal 222 Strength Indicator (RSSI) values for each measurement location by receiving the packets transmitted 223 by the other mote. The transmitting ZigBee mote (TX) was an XBee S2 (XB24-Z7WIT-004) module with 224 an omnidirectional monopole antenna (integrated whip, 1.5 dBi). The receiving ZigBee mote (RX) was 225 a RM090 module with a PCB F-antenna (1 dBi). During all measurements, the antennas were vertically 226 polarised. Fig. 3 shows an example of a measurement on the pasture. The spectrum analyser and the 227 ZigBee mote (RX) receive in parallel the signal and packets sent by the ZigBee mote (TX). The cow 228 wearing the ZigBee mote was placed at the same transmitter positions as for scenario 1. 229
Maximal cow body shadowing by other cows 230
In realistic cases, the communication between the on-cow device and the back-end access point will 231 be susceptible to frequent signal blocking events not only caused by the body of the cow wearing the 232 transmit node, but also by other cows, which can obscure the dominant signal path between the 233 transmitter and the receiver. In wireless communications, this well-known phenomenon is referred to 234 as body shadowing. 235
In order to quantify the impact of the cow body shadowing, a dairy cow was used and shadowing 236 measurements were conducted in an area of about 12x6 m 2 inside the ILVO barn. As shown in Fig. 4 , 237 the dairy cow was standing between the transmitter and the receiver. 238
The distance between the transmitter and the receiver was set to 6.5 m. This distance is sufficient to 239 the RX heights were chosen with respect to the cow's neck when the cow is standing, grazing, or lying 243 down. Also, to account for just the cow body shadowing, measurements were performed first without 244 cow. 245
Temporal fading 246
The temporal fading measurements were conducted in indoor and outdoor environments (barn 1 and 247 pasture as described in Section 3.2.1) using the same equipment as in scenario 1 (see Fig. 2 ). However,the transmitter and receiver were set in stationary positions with a line of sight (LOS) condition at the 249 beginning of the experiment. The antenna heights were ℎ = 0.9 and ℎ = 4.5 . These 250 scenarios were set to allow the recording of received signal power variations due to the movements 251 of the cows. For both indoor and outdoor environments, received power was recorded during 20 min, 252 including both LOS and Non-LOS (NLOS) conditions depending on the cows' movement. The received 253
power was logged at a rate of approximately 20 samples per second. Thus, 24,000 received power 254 samples were recorded in each environment. 255
RSSI calibration 256
The RSSI reported by the receiving ZigBee mote (off-cow) is just an indication (represented by a 257 number) of the power level being received by the antenna. Thus, a calibration of the ZigBee mote using 258 the spectrum analyser (SA) has been done to determine the shift constant between the RSSI and the 259 radio-frequency (RF) power. For this aim, two experiments were performed as shown in Fig. 5 . 260
In the first experiment ( Fig. 5-a) , a ZigBee mote was configured as a coordinator which constantly 261 broadcasts packets (Transmitter). Then, two receivers were used to sense the received power. The first 262 receiver was another ZigBee mote configured as a sniffer to capture broadcast signals (scenario 1 263
ZigBee-ZigBee). The second receiver comprised a spectrum analyser (R&S FSL6) connected to a 264 MA431Z00 antenna (scenario 1 ZigBee-SA). The antenna and ZigBee motes were placed 1 m above the 265 ground. The sniffer was used to avoid acknowledgment packets, which can affect the received power 266 of the spectrum analyser. For different distances between the transmitter and the receivers, the RF 267 power measured by the spectrum analyser and the RSSI reported by the ZigBee mote were logged 268 using laptops. 269
In the second experiment (Fig. 5-b) , the ZigBee motes were removed and the signal generator (SG) 270 connected to the MA431Z00 antenna was used at the transmitter side. The same antenna type was 271 used connected to the spectrum analyser (scenario 2 SG-SA). As in Section 3.2.1, the span of the 272 spectrum analyser was set to 100 kHz. The resolution and video bandwidths were set to 3 kHz and 30 273 kHz, respectively. Exactly the same locations were measured as for the first experiment. In this way, represent the path loss models obtained through fitting of the measurement data. As expected, the 295 path loss inside the empty barns was lower than the path loss when the barn contains cows (3 dB). 296 This is due to the cow's body shadowing (the cow wearing the mote and the other cows). Table 2 Table 2 , coefficients of 308 determination greater than 0.7 were obtained in both path loss models, indicating that the log-normal 309 path loss model perfectly fits the measured data. 310
Outdoor path loss models 311
Path loss models for the pasture are shown in Fig. 8 . The difference between the empty pasture and 312 the pasture with cows is the same as the indoor (barns) case (3 dB). Table 3 lists the parameters of the 313 path loss models obtained in the outdoor pasture environment. The path loss exponents are higher 314 than for the barns ( =1.70) due to the rural environment (pasture), which is characterised by less 315 influence of multipath components (less reflecting metal materials in comparison to the barns). The 316 path loss difference between one cow and eight cows on the pasture is 0.5 dB (See Fig. 8 ). This means 317 that the body of the cow wearing the node is the main reason of the path loss decrease. This is due to 318 the high height of the base station (4.5 m), which makes the communication between the on-cow node 319 and the base station either in LOS conditions or obscured just by the body of the cow wearing the 320 node. Similar to the case of the indoor, the coefficients of determination (Table 3) of the outdoor are 321 also greater than 0.7, meaning that the measured data is perfectly fitted by the predicted models. 322
To verify that the path loss variations indeed follow the log-normal distribution used to fit the 323 measured path loss values, the predicted path loss is subtracted from the corresponding measured 324 path loss samples. Then, this residual path loss is used as a parameter for the Quantile-Quantile (Q-Q)plot (Wilk and Gnanadesikan, 1968 ). Fig. 9 shows the Q-Q plot of residual path loss in indoor (barns) 326 and outdoor (pasture) environments versus the standard Gaussian distribution. Fig. 9 aggregates all 327 residuals path loss values of indoor scenarios (a) and outdoor scenarios (b). As shown in Fig. 9 , the 328 residual path loss matches well the Gaussian distribution, although there are some small deviations in 329 the tails. 330
Cow body shadowing 331
The obtained values of the cow body shadowing for different TX and RX heights are listed in Table 4 . 332
The cow body shadowing varies from 1 dB to 7 dB. In general, the shadowing increases when the height 333 of the TX and/or the RX decreases. This can be explained as follows. With high ℎ and ℎ , the 334 transmitter and the receiver are in LOS condition and just a part of the power is shadowed by the cow 335 body (e.g., 1 dB for ℎ = 4.5 m and ℎ = 2 m, Table 4 ). However for low ℎ and ℎ , the 336 communication is totally obscured by the cow body (e.g. For each environment, the Rician K-factor is estimated based on the moment method presented in 350 Section 3.2. This method estimates the K-factor directly from the measured samples without need fora curve fitting operation. A K-factor of 10 dB was obtained in the barn and 13 dB in the pasture. These 352 large values indicate a strong specular path LOS component in our measurements due to the TX height 353 (4.5 m). The barn (indoor) K-factor (K=10) is lower than for pasture (K=13), meaning that the 354 contribution of multipath propagation is higher inside the barns in comparison to the pasture. 355
Cumulative distribution function 356
The probability that the received power does not exceed a given threshold is determined by the 357 integration of the PDF and is called cumulative distribution function (CDF). Fig. 11-a shows the 358 measured and the analytical (Rice) CDF for the two investigated environments. As shown in this figure,  359 the CDFs in the considered barns and pastures environments follow a Rician distribution. 360
Fade margin 361
The obtained K-factors (Section 4.3.1) and the corresponding CDFs (Section 4.3.2) are used to calculate 362 a fade margin associated with temporal fading for a given outage probability. The outage probability, 363 which determines the probability that the wireless system will be out of the service (quality of service 364 not reached) and the corresponding fade margin will be used in the link budget calculation for the 365 network planning application of Section 5. 366
The details of the calculation are explained in (Andreas, 2011). Fig. 11-b shows the outage probability 367 versus the fade margin in dB. For an outage probability of 0.01 (99% of the time, the variation around 368 the median will not exceed the fade margin), a fade margin of 4 dB in pastures and 6 dB in barns should 369 be considered in the link budget analysis. 370
Application: Network planning
371
The primary goal of network planning is to provide connectivity, or in other words coverage at all 372 desired locations. Wireless connectivity is determined by a number of parameters such as wireless 373 channel characteristics, the number of receiving nodes, their locations, and the effective isotropic 374 radiated power (EIRP) of the sensor nodes. 375
In this Section, a ZigBee-based WSN is proposed for the healthcare monitoring of dairy cows. In this 376 network, the on-cow sensor nodes are considered as end nodes and the ZigBee sinks as coordinators. 377
The results and models presented above (Section 4) and the CC2420 chip specifications (CC2420 378 
Planning parameters 393
After importing the ground plan of the barns, the network parameters and requirements should be 394 defined carefully for an accurate network planning. Table 5 summarises the parameters used for the 395 calculations. Like in the measurements, the transmitter and receiver antenna heights were set to 4.5 396 m and 1.0 m, respectively. A data rate of 250 kbps was used, which corresponds to the maximum 397 physical data rate of the ZigBee mote (Road and Minnetonka, 2009) . The path loss model obtained 398 inside the barns with 15 cows is considered (Table 5 ). The shadowing margin is determined such that 399 95% of the locations inside the barn are covered by the wireless system. This margin is derived from 400 the standard deviation around the path loss model (Section 4.4.1) and equals 1.65 . The fade margin 401 obtained inside the barns is considered ( See Fig 11-b) . All relevant parameters are listed in Table 5 . 402
Required on-cow node EIRP 403
The procedure to determine the minimum EIRP required for the uplink (on-cow sensor to sink) wireless 404 connection is presented in Fig. 12 . First, the WHIPP tool is used to determine the optimal number and 405 location of the sinks inside the barns given the ground plan of the barn, the base station EIRP, the 406 node's sensitivity, and the path loss model parameters (Section 4.1.1). Based on the optimal placement 407 of the sinks, the maximal path loss between a base station and an on-cow node is determined by the 408 tool. The minimum EIRP required for the uplink connection (sensor node's EIRP) is derived from the 409 maximal path loss and the sensitivity of the sink (base station). 410
The required number of base stations inside the barn 1 was 1, 2, or 3, depending on the EIRP of the 411 base station. However, barns 2 and 3 have smaller dimensions in comparison to barn 1. Therefore, the 412 required number of base stations was always one (independent of the coordinator's EIRP). Table 6 lists the minimally required on-cow EIRP for 420 the three investigated barns for different sizes of the base station set. The calculations were performed 421 using the specifications of CC2420 chip (CC2420 Datasheet, Texas Instruments 2013). For barn 1, the 422 sensor node's required EIRP varies between -9.5 dBm and -0.4 dBm depending on the number of base 423 stations, which is related to their EIRP. As this EIRP increases, the required number of base stations 424 decreases and the maximal path loss increases. Thus, the sensor node's EIRP has to increase to 425 maintain a connection. The obtained on-cow node EIRPs for barn 2 and barn 3 were -6.7 dBm and -7.0dBm, respectively. These values are lower than the transmit power provided by the specifications 427 (Zigbee Alliance, 2011), which means that power consumption reduction can be achieved to increase 428 the battery lifetime of the sensor node (Section 5.5). We note that the number of cows that can be 429 served inside each barn depends on many parameters such as the access method (MAC layer), data 430 load, number of base stations, and the nature of the data to be transferred (critical or non-critical). For 431 example, critical data requires rapid intervention of the farmer and thus real-time updating is required. 432
An on-cow node is covered by the wireless network if its transmitted signal reaches the base station 433 antenna with a power higher than the base station sensitivity. As shown in Table 6 , the maximal path 434 loss is lower than 84 dB inside the three barns. Considering an of 3 dBm, a base station 435 sensitivity of -95 dBm, a fade margin of 6 dB ( Fig. 11-b) , and a shadowing margin of 5 dB (see Table 5 ), 436 then, a path loss of 84 dB indicates that this location is covered. Therefore, the three barns are 437 indeed totally covered. 438
Power consumption analysis and battery lifetime of sensor node 439
One of the key factors in determining the success of a WSN is the battery lifetime of the sensor nodes. 440
Since the battery of the sensor node is a limited resource in any WSN, an accurate network planning 441 should optimize the power consumption in order to make the network operational as long as possible. 442
The battery lifetime in hours of the sensor node is estimated as a function of the battery capacity in 443 mAh and the node's activity (awake and sleep periods) as follows: 444 (Table 6 ) is related to the required output power level. Table 7 lists the 468 obtained battery lifetimes for a varying node activity (awake period). In fact, there is a trade-off 469 between the battery lifetime and the node activity. As the activity increases, which is related to the 470 network applications, the battery lifetime decreases. If the data load required for each cow is 471 determined (this depends on the monitored parameters e.g., cow movement, temperature, drinking 472 and eating time), Table 7 can be used then to estimate the battery lifetime for a given on-cow EIRP. 473
In case of applications that require more throughput, the awake period should be higher, decreasing 474 the battery lifetime. In such situations, wireless charging of the nodes using an inductive powering 475 system (Thoen and Stevens, 2015) can be used to avoid a costly and labour intensive batteryreplacement procedure. The inductive powering elements can be installed at the drinking places, so 477 that during the time slots when the cow is drinking the power can be wirelessly transferred to the 478 node's battery. Finally, we note that the battery lifetime calculation presented in this paper provides 479 an estimation depending upon the considered battery technology, connected peripherals, and 480 required duty cycles for each particular application. 481
Conclusions and future work 482
The off-body wireless channel between a node placed on the body of a dairy cow and an access point 483 inside barns and on pastures has been characterised at 2.4 GHz. The reliability of this wireless 484 connection is a key factor for the success of a cow healthcare monitoring system that facilitates herd 485 management and cow welfare. Three different barns and a pasture have been investigated. 486
Measurements of large-scale fading, cow body shadowing, and temporal fading have been performed 487 with spectrum analysis and ZigBee motes equipment. Results have shown that the large-scale fading 488 can be well described by a one-slope log-normal path loss model. In line-of-sight conditions, the 489 highest path loss increase resulted from the body of the cow wearing the sensor node (3 dB). However, 490 the other cows had less influence (0.5 dB). A cow body shadowing between 1 dB and 7 dB was 491 obtained, depending on the transmitter and receiver heights. The temporal fading was statistically 492 described by Rician distributions. The fading occurrences and depth were higher inside the barns than 493 on the pasture. Consequently, the fade margins were 6 dB and 4 dB for the barns and pasture, 494 respectively. The obtained wireless channel characteristics were then used to optimise the number of 495 the base stations, their EIRP, and their locations inside the investigated barns, based on the WHIPP 496 prediction tool. Assuming typical specifications for the sensor nodes, different network designs were 497 proposed, each with a different impact on the minimal on-cow node transmit power and lifetime. The 498 battery lifetime of the sensor nodes was estimated as a function of the battery capacity, the network 499 design, and the sensor's activity. Battery lifetimes between 143 and 2193 days were obtained 500 depending on the network design and application.
As future research topic, multiple health parameters will be collected from different parts of the cow's 502 body. For example, data from legs, ear, and udder can be transferred to a data collector placed on the 503 cow's neck and then forwarded to the access point. Therefore, future work will investigate the on-504 body wireless communication between two nodes placed on the cow's body (e.g., leg to neck, udder 505 to neck, and ear to neck). 506 
Acknowledgments
Figure captions
